Reproducibility of ECG-gated Ultrasound Diameter Assessment of Small Abdominal Aortic Aneurysms  by Bredahl, K. et al.
Reproducibility of ECG-gated Ultrasound Diameter Assessment of Small
Abdominal Aortic Aneurysms
K. Bredahl a,*, N. Eldrup b, C. Meyer c, J.E. Eiberg a, H. Sillesen a
a Department of Interventional Radiology, University Hospital of Copenhagen, Copenhagen, Denmark
b Department of Cardio-Thoracic and Vascular Surgery, Aarhus University Hospital, Denmark
c Cardoz, Copenhagen, Denmark* Co
Univers
Copenh
E-ma
1078
Surgery
http:WHAT THIS PAPER ADDS
Ultrasound evaluation of abdominal aortic aneurysm is inﬂuenced by unclear vessel wall deﬁnitions and vari-
ations during the cardiac circle. We present an ECG-gated method with off-line reading to estimate the
maximum aneurysm diameter, controlling for both vessel wall delineation and cardiac cycle variation. This
ultrasound method was applied during a clinical trial testing a pharmaceutical compound’s potential to reduce
aneurysm growth rate. This validation study shows that ECG-gated ultrasound recordings transferred and
subsequently analysed at a core facility have very low inter- and intra-operator variability, potentially enabling
the detection of even small growth rates.Objective: No standardised ultrasound procedure to obtain reliable growth estimates for abdominal aortic
aneurysms (AAA) is currently available. We investigated the feasibility and reproducibility of a novel approach
controlling for a combination of vessel wall delineation and cardiac cycle variation.
Design: Prospective comparative study.
Methods: Consecutive patients (N ¼ 27) with an AAA, attending their 6-month control as part of a medical
treatment trial, were scanned twice by two ultrasound operators. Then, all ultrasound recordings were
transferred to a core facility and analysed by a third person. The AAA diameter was determined in four different
ways: from the leading edge of adventitia on the anterior wall to either the leading edge of the adventitia
(method A) or leading edge of the intima (method B) on the posterior wall, with both measurements performed
in systole and diastole.
Result: Inter-operator reproducibility was 3 mm for all methods applied. There was no difference in outcome
between methods A and B; likewise, end-diastolic measurement did not improve reproducibility in preference to
peak-systolic measurement.
Conclusion: The use of a standardised ultrasound protocol including ECG-gating and subsequent off-line reading
with minute calliper placement reduces variability. This may be of use in developing protocols to better detect
even small AAA growth rates during clinical trials.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Abdominal aortic aneurysms (AAAs) are common in older
men (4% of men >65 years) and the natural history includes
expansion and rupture.1 As few patients survive an acute
incident of rupture (overall mortality 80e94%), prophylactic
intervention is preferable in patients suitable for repair.2,3
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//dx.doi.org/10.1016/j.ejvs.2012.12.010and for this reason patients with small asymptomatic aneu-
rysms are handled conservatively with life-style changes,
medical prevention and regular ultrasound surveillance.4 The
key component in the current surveillance strategy for small
AAAs is evaluation of the maximum aneurysm diameter,
which today is considered the most important risk factor for
rupture.5 A reliable method for repeated assessment of
maximum AAA diameter is required, especially for decision-
making in cases near the threshold for surgical referral (5e
5.5 cm), for determining rapid growth accurately and for
evaluating the effects of new treatments on aneurysm
growth. With reported mean annual growth rates of 2e
3 mm, a high reproducibility will be required to allow correct
detection of small changes in AAA growth rates in individuals
and reduce the risk of type II errors in clinical trials.5
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accurate and reproducible, but inter-operator variability is
more than 5 mm in 17% of cases and the procedure
includes exposure to radiation.6 The most commonly used
imaging modality in screening for and follow-up for AAA is
ultrasound, reﬂecting its non-invasive and harmless nature,
cost-effectiveness, wide availability, and the historical fact
that ultrasound was the image modality used when the
threshold (5.5 cm) for intervention was determined.7 The
exact methodology, however, for measuring aneurysm
diameter as reported in the literature is diverse and often
not fully speciﬁed, if mentioned at all.8 The reproducibility
of ultrasound diameter assessment (anterior-posterior) is
furthermore hampered by a wide range of variability, from
2 mm to  10 mm.9 Thus, ultrasound imaging has been
the ﬁrst-line image modality for years even though no
commonly accepted standardised image acquisition and
reading protocol exists. In two separate reports, the vari-
ability of AAA diameter measurement due to pulse wave
propagation and the exact position of calliper placement on
the vessel wall has been outlined.10,11 We present a stand-
ardised ultrasound method controlling for both the varia-
tion during the cardiac cycle and calliper placement
according to the vessel wall layers and structures delineated
on ultrasound imaging. Our aim was to evaluate the feasi-
bility and reproducibility of a novel approach using ECG
(electrocardiogram)-gated ultrasound and off-line reading
of maximum anterior-posterior AAA diameter.METHODS
The reproducibility study was carried out as a sub-study of the
“AORTA trial”, a phase II randomised, controlled, multicentre
clinical trial (ClinicalTrials.gov Identiﬁer NCT01354184) eval-
uating the ability of a new pharmaceutical compound to
attenuate aneurysm expansion. In the “AORTA trial”, 484
patients were screened and 326 patients were randomised.
One hundred and ﬁfty eight patients were screening failures,
either because they did not fulﬁl the inclusion criterion of the
trial (maximum AAA diameter within 39e49 mm) or due to
inadequate image quality. Out of the 326 randomised patients
we randomly selected and consecutively enrolled a group of
patients (N ¼ 27) who were scheduled for a 6-month follow-
up visit during February 2012.
The measurement procedure was divided into two steps:
the ultrasound scan procedure and the subsequent off-line
reading process by which all measurements for further
analysis were made.
In a mutual blinded setup, all patients were scanned by
two experienced (þ10 years) ultrasound operators. For
intra-operator variability assessment the patient was scan-
ned by the same operator both morning and afternoon.
Hence, as each patient (N ¼ 27) was examined twice by the
same operator, there were 54 concurrent video recordings
available for inter-operator assessment.
The patients were scanned in the supine position, ECG
electrodes were attached and all the scans were performed
with a CX-50 US system (Philips, Bothell,Washington, USA)using a 5 MHz curved array transducer (C5-1). In the case of
obesity, patients were investigated slightly turned to the
side showing the best image of the aorta. The B-mode gain
level was adjusted so that echoes were just seen in the
aortic lumen, and two focal zones were adjusted to the
anterior and posterior wall, resulting in an average frame
rate of 15e25 per second.
The aorta was interrogated from the superior mesenteric
artery to the level of the iliac bifurcation. For proper
orientation and to ensure that the scanning angle was
perpendicular to the aneurysm centre line, both cross-
sectional and longitudinal imaging was used. Once the
section of the aorta with the greatest diameter was iden-
tiﬁed, the continuous ECG recording was activated and a 10-
sec video sequence was recorded. All stored videos were
copied onto CDs and shipped to the core lab at the
University Hospital of Copenhagen. All readings were per-
formed by a third person, a ‘core reader’ (KB), using soft-
ware for ultrasound images and recordings (QLAB v. 9.1,
Philips, Bothell, Washington, USA). This allows ECG gating
and minute calliper placement, and subsequently conver-
sion of all measurements into an Excel ﬁle.
The delineation between actual vessel wall and the edge
of the lumbar vertebrae or ligaments may rely on the link
and communication with the lateral vessel wall, which are
best evaluated on cross-sectional scan. On longitudinal
section scans all echo lines extend in the same direction.
Furthermore, an incorrect scanning angle may as well occur
in longitudinal section as in a cross-sectional scan view. For
these reasons, all measurements were only performed on
the cross-sectional video recordings. By reviewing the
recorded videos in QLAB, maximum dilatation (peak-systole)
was visually identiﬁed. Subsequently, end-diastole was
identiﬁed, typically by scrolling 3e4 frames backwards. In
total, 20 measurements were made on each 10-sec video,
using two different measurement methods (A and B) eval-
uated in peak-systole and end-diastole, and thus producing
4 main results, each derived from the mean of 5
measurements. In the case of arrhythmia, measurements
were only performed after a ‘regular’ heart beat.
Leading edge of adventitia at the anterior wall was
deﬁned as the ﬁrst echo line assessed to have continuity to
the lateral vessel wall. Leading edge of intima on posterior
wall was deﬁned as the ﬁrst echo line representing the
lumeneintima interface, whereas leading edge of adventitia
was deﬁned as the second echo line representing the
mediaeadventitia interface (Fig. 1).
According to the above, we deﬁned two different
methods measuring maximum diameter, both performed in
cross-sectional mode using the anterior-posterior axis.
Method A was from the leading edge adventitia (anterior
wall) to the leading edge adventitia (posterior wall).
Method B was from the leading edge adventitia (anterior
wall) to leading edge intima (posterior wall) (Fig. 1).
In the core lab, a time delay of 14 days was used between
evaluating recordings performed by the ﬁrst and the second
operator, likewise evaluating ﬁrst and second recordings for
the same operator.
Figure 1. Cross-sectional illustration of abdominal aortic aneurysm seen on ultrasound imaging. The posterior wall is deﬁned by two
echogenic lines: the lumen-interface representing the leading edge of intima and the mediaeadventitia interface representing the leading
edge of adventitia. The intima-media complex is seen in between these deﬁned lines.
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was assessed by comparing the ﬁrst set of video recordings
performed by the ﬁrst operator twice. In order to make the
readings as independent as possible, a 2-week interval was
intercalated between readings.
Statistics
Evaluation of the methods A and B was performed using the
Bland Altman method,12 where the differences between
paired measurements of the same subject are plotted
against the mean outcome, showing the mean difference
and the upper and lower limits of agreement given by the
mean  1.96  SD (standard deviation). Inter- and intra-
operator reproducibility coefﬁcients were expressed as
1.96  SD. To compare means we used the Student’s t-test.
Observed variability differences between methods were
tested for homogeneity of variances using Levene’s test. All
calculations were performed using SPSS v. 18.01(SPSS Inc,
Chicago, IL, USA).
RESULTS
Patients
Twenty seven patients with a small asymptomatic AAA of
mean diameter 45.1 mm (ranging from 39.9 to 57.6 mm),
measured using method A peak-systole, were included.
Inter-operator variability
Inter-operator variability measures were assessed, and all
methods showed a variability of around  3 mm with
reproducibility coefﬁcients (1.96 SD) ranging from 3.0 mm
to 3.4 mm (Fig. 2). Method A systole numerically had the
lowest observed mean difference of 0.02 mm, although thiswas not statistically signiﬁcantly different (Student’s t-test)
from method B end-diastole with a mean difference of
0.4 mm (r ¼ 0.17).
There were no statistical differences (r ¼ 0.49) in the
variances between methods A and B (Levene’s test for
variance of homogeneity comparing method A end-diastole
with the greatest SD vs method B peak-systole with the
lowest SD), although measurements obtained by method B
peak-systole numerically were found to have the smallest
SD ¼ 1.5 mm.Intra-operator variability
Intra-operator variability for operators 1 and 2 is shown in
Table 1. For operator 2 showing the greatest mean differ-
ence between measurements obtained by method B peak-
systole and method A end-diastole, we performed Levene’s
test, but could not prove any signiﬁcant difference
(r ¼ 0.26).Variability of the core reading process
There was no statistical difference in the reproducibility of
the different methods even though method A peak-systole
numerically had less variability than method B end-diastole
(r ¼ 0.314) (Table 2).Cardiac cycle and method variability
The mean difference between maximum diameters ob-
tained in peak-systole (45.3 mm) and end-diastole
(44.7 mm) for method A was 0.6 mm, ranging from 0.1 to
1.3 mm. The mean difference between maximum diameters
obtained in peak-systole (43.7 mm) and end-diastole
Figure 2. Bland Altman plot showing the difference between concurrent off-line readings in Q-lab by the two ultrasound operators plotted
against their mean value. SD: standard deviation.
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1.4 mm.
The difference between methods A and B peak-systole
was 1.6 mm, range 0.4e6.4 mm, and the difference
between methods A and B end-diastole was 1.7 mm, range
0.6e6.5 mm.Table 1. Intra-operator variability for the two operators.
Operator Operator 1
Method A B
Cardiac cycle Systole Diastole Systole
Mean difference (mm) 0.04 0.03 0.3
Lower LoA (mm) 2.9 3.1 3.2
Upper LoA (mm) 2.8 3.1 2.6
Standard deviation 1.5 1.6 1.4
Method A: leading edge adventitia anterior wall e leading edge advent
e leading edge intima posterior wall. LoA: limit of agreement ¼ meaDISCUSSION
We investigated an ECG-gated ultrasound method
measuring maximum aortic aneurysm diameter, and
demonstrated reproducibility within 3 mm for all
methods. Since the reported average annual growth rate of
AAAs with diameter 30e55 mm ranges between 2 andOperator 2
A B
Diastole Systole Diastole Systole Diastole
0.3 0.2 0.3 0.4 0.3
3.2 2.6 3.2 2.6 2.8
2.6 2.2 2.6 1.9 2.3
1.5 1.2 1.5 1.1 1.3
itia posterior wall. Method B: leading edge adventitia anterior wall
n  1.96  SD (standard deviation).
Table 2. Assessment of the single core reader.
Cardiac cycle Method A Method B
Systole Diastole Systole Diastole
Mean diff. (mm) 0.3 0.2 0.3 0.3
Lower LoA (mm) 1.3 1.3 1.5 1.7
Upper LoA (mm) 0.8 0.9 0.9 1.0
SD (mm) 0.5 0.5 0.6 0.7
Method A: leading edge adventitia anterior wall e leading edge
adventitia posterior wall. Method B: leading edge adventitia
anterior wall e leading edge intima posterior wall. LoA: limit of
agreement ¼ mean  1.96  SD (standard deviation).
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for the detection of even small changes in AAA diameter in
individuals, to reduce the risk of type II error in clinical
trials.5
The reported reproducibility of ultrasonic diameter
measurement (anterior-posterior) varies in the available
literature between 2 mm and 10 mm.9 Among the
published reports, an inter-operator standard deviation of
1.1 mm has been determined in two studies.13,14 These
results appear to be slightly better than ours, but as normal
aortas and aortas smaller than our inclusion criteria were
included in this study, the results are not comparable. The
uncertainty with regard to acquiring the cross-sectional
image at the exact anatomical location of the maximum
diameter increases with increasing aneurism size and,
consequently, the standard deviation is expected to
increase when scanning and measuring larger aneu-
risms.14,15 Therefore, our results for inter- and intra-oper-
ator variability are comparable with the best reported
results for aneurisms within the diameter range of 39e
49 cm (inclusion criteria in the ‘AORTA trial’).
Previous reports of reproducibility measures were
primarily motivated by the purpose of validating ultrasound
imaging in the speciﬁc context of screening programs for
AAAs. This study was motivated by the need to detect even
small differences in the incremental growth rate in a rand-
omised controlled trial testing a new pharmaceutical
compound for halting growth of AAA and, in contrast to
screening programs, demanding higher standards for
producing reliable estimates of growth. As more experi-
enced operators show better reproducibility coefﬁcients
compared with less experienced sonographers, variability
may simply depend on level of experience.
Previous studies have, however, not taken into account
that measurement of the maximum AAA diameter is inﬂu-
enced by the pulse wave propagation, found on average to
be 1.94 mm between diastole and systole and with a wide
range (0e4.7 mm).10 In addition, systematic placement of
the calliper according to ultrasonically well-deﬁned struc-
tures is important, as the variability due to this factor has
been reported to be up to 6 mm between inner-to-inner
versus outer-to-outer vessel wall.10,11 The UK AAA screening
group has recently demonstrated that measuring inner-to-
inner vessel wall diameter improves reproducibility in
preference to measuring outer-to-outer vessel wall diam-
eter.11,14 This approach, however, appears not to besufﬁciently sensitive to account for all potential sources of
variability. In the clinical trial setting, and maybe also for
clinical follow-up of small asymptomatic AAAs, a different
standard may be required in order to be able to detect even
small changes in growth rates. Controlling the variability
related to unclear vessel wall deﬁnitions, plaque or
thrombus, and variations during the cardiac cycle is the
scope of this novel approach, and to our knowledge these
issues have never been addressed or thoroughly investi-
gated before.
The most distinctive ultrasound reﬂection is obtained
when ultrasound passes from a layer of low acoustic
impedance to a layer of high acoustic impedance (poor to
strong reﬂection). This suggests that the correct calliper
placement on the anterior wall would be the interface
between the surrounding tissue and adventitia (the leading
edge of the adventitial layer of the anterior wall).
For the same reasons, measuring intima-media thickness
is measured on the posterior wall rather than the anterior
wall. AAA expansion can also be accompanied by the
development of atherosclerotic disease, which changes the
thickness of the vessel wall and the echo details seen on the
ultrasound image. On the posterior wall, optimally two echo
lines separated by the intima-media complex are visualized,
representing the lumeneintima interface and the anterior
margin of adventitia, respectively. Atherosclerotic disease
leading to plaque formation takes place in the intima-media
complex. Using the ﬁrst echo line on the posterior wall
(method B), concurrent growth of plaque may potentially
mask actual expansion of the aneurysm. In contrast, tunica
adventitia is not affected by atherosclerotic disease as
opposed to the intima-media complex, and consists of
collagen performing high acoustic impedance. Moreover,
considering an image resolution of 1e2 mm, a thin intima-
media complex may not be clearly visualized in detail and,
as previously suggested, thrombus and intima may be
difﬁcult to differentiate.11 Our results did not demonstrate
any advantages in using method A in preference to method
B; however, as our present reproducibility study did not
include study over time, this potential limitation of method
B cannot be evaluated from our data at present and should
be addressed in future research.
An inﬂammatory response would not affect this method
on the posterior wall, but we recognize that expansion of
the adventitial layer would affect the measurement on the
anterior wall. Although not part of the present study,
measuring AAA wall thickness over time may be an inter-
esting issue.
We demonstrated a difference between measurements
in peak-systole and end-diastole of 0.6e0.7 cm, which is
smaller but in line with previous investigations (mean
difference of 1.94 mm), since they included larger aneu-
rysms and our study involved a smaller sample.10 Some
ultrasound operators measure a maximum dilatation simply
by visual appearance, but considering that pulse wave
propagation from the left ventricle in systole only lasts
a fraction (i.e. 1/10th) of the cardiac cycle combined with
a frame-rate presentation of approximate 15e25, potential
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maximum dilatation exists. During end-diastole the changes
in aortic diameter from frame to frame will be the least and
the reproducibility would theoretically be highest, but this
has never been conﬁrmed and would challenge the concept
of using peak-systolic measures. In contrast to one study,
our data do not indicate a signiﬁcantly reduced inter-
operator variability in favour of end-diastole.10 It has been
suggested that the more distensible aneurysms tend to
rupture more often than stiff aneurysms; we therefore ﬁnd
it more suitable to base our clinical decisions on the
measurement performed in systole.16 For use in daily clin-
ical practice, we think measuring at maximum dilatation by
simple visual appearance may be as good as performing
peak-systole measurement assisted by ECG-gating, but this
needs to be conﬁrmed in a reproducibility study.
The strength of this study is that we used experienced
operators, and 10-sec video recordings for subsequent
standardised analysis by a core reader. On the other hand,
we are aware that we only used two operators, and the
group of patients was selected from a randomised clinical
trial with pre-selection criteria applied relating to aneurism
size and image quality. Moreover, with the use of only one
core reader to control the variability of the reading process,
which was only 1 mm, the majority of the variability can
be attributed to image acquisition.
Other speciﬁcs and conditions speculated to have inﬂu-
ence on diameter measurement were not evaluated in this
study; for example, plane of acquisition (transverse or
longitudinal), axis (anterior-posterior, any direction, and
transverse), choice of transducer frequency (deﬁning axial
and spatial resolution) and choice of either anatomical or
aneurismal reference.
In conclusion, we present a new ECG-gated method for
ultrasonic measurement of AAA showing reproducibility
within 3 mm. In clinical practice we recommend
measurements from leading edge adventitia anterior wall to
leading edge adventitia posterior performed during peak-
systole.
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